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Introduction
The highly polymorphic genes in the major histocompatibility complex (MHC) region are most notably involved in antigen presentation and recognition. In humans, the classical class I region contains three genes: HLA-A, HLA-B, and HLA-C. In macaques, there are only MHC-A and MHC-B orthologues, though there have been complex duplication events within this region, leading to MHC-A and MHC-B haplotypes with copy number variations that encode various combinations of major and minor transcripts as well as multiple pseudogenes (Daza-Vamenta et al., 2004; Fukami-Kobayashi et al., 2005; Watanabe et al., 2007) . The class II region includes six distinct loci, which are the same in humans and macaques: DRA, DRB, DQA1, DQB1, DPA1, and DPB1 (Shiina et al., 2017) . Because macaques are commonly used as models for infectious disease, vaccine, and transplant studies, an emphasis has been placed on characterizing their MHC polymorphisms Shiina and Blancher, 2019) .
Researchers using nonhuman primate (NHP) transplantation models need to control for differences in the MHC genotypes of donor and recipient tissues and often will vary degrees of disparity when testing tolerance therapies (Burwitz et al., 2017; Kean et al., 2012; Shiina and Blancher, 2019) . The National Institutes of Health (NIH) has recognized the need for and importance of transplant research conducted in NHP models since many immunomodulatory strategies that promote tolerance in rodent models have failed to translate successfully to humans (Knechtle et al., 2019) . This led to the creation of the Nonhuman Primate Transplantation Tolerance Cooperative Study Group, whose goals include the development of novel regimens for immune tolerance induction, as well as understanding the mechanisms responsible for induction, maintenance, and/or loss of tolerance in NHP models of kidney, pancreatic islets, heart and lung transplantation. In support of these studies, the NIH has established several breeding colonies in order to provide Indian-origin rhesus macaques, Mauritian-origin cynomolgus macaques (MCM) and Indonesian-origin cynomolgus macaques (ICM) to NHP transplant researchers. The MCM population displays extremely restricted MHC diversity with only seven ancestral MHC haplotypes . This population appears to have originated from a very small number of founding individuals who were introduced to Mauritius in the early 1500's (Lawler et al., 1995; Tosi and Coke, 2007) . While this restricted genetic diversity of the MCM population makes them extremely valuable for many types of biomedical research, it can be a disadvantage for transplant researchers whose objective is to maximize the amount of MHC disparity between donor and recipient tissues. In contrast, the ICM population displays extensive MHC diversity (Otting et al., 2012) which makes them an ideal NHP model for studies designed to evaluate the preclinical safety and efficacy of immune tolerance induction regimens that may be translated to clinical transplantation.
A number of investigators have used ICM (Ezzelarab et al., 2016; Zhang et al., 2015) as well as cynomolgus macaques from various other geographic origins ( Kato et al., 2017; Matsunami et al., 2019; Shiina and Blancher, 2019) for transplantation studies. For instance, ICM were used in a study to investigate T cell and alloantibody responses with purposely mismatched donor and recipient pairs (Ezzelarab et al., 2016) . Another study (Morizane et al., 2017 ) utilizing a Filipino cynomolgus macaque model showed that when donor and recipient are matched for MHC genotypes, there are improved outcomes with neural cell grafts. Additionally, they observed inflammation in mismatched donor-recipient pairs. This indicates that the ability to accurately and efficiently characterize MHC genetics of model species like ICM is and will remain a necessity .
Prior to this study, several reports have characterized ICM MHC sequence variants. In 2008, 48 novel MHC class I sequences were documented in 42 animals by Sanger sequencing of cDNA clones (Pendley et al., 2008) . Likewise, Kita et al. ( 2009) (Karl et al., , 2014 . This sequencing approach has proven useful in investigations of several understudied NHP populations such as Vietnamese, Cambodian, and Cambodian/Indonesian mixed-origin cynomolgus macaques at Chinese breeding centers . In a similar study of pig-tailed macaques from multiple breeding centers, PacBio sequencing of MHC class I cDNA amplicons was used to define over 300 novel Mane sequences as well as 192 Mane-A and Mane-B regional haplotypes (Semler et al., 2018) . Here, we have extended this PacBio circular consensus sequencing approach to full-length cDNA amplicons from MHC class II as well as class I transcripts.
In addition to PacBio sequencing, we made use of an extensive database of short tandem repeat (STR) data spanning the 5Mb MHC region that has been generated over multiple generations of this NIH-sponsored ICM breeding colony (Larsen et al., 2010) . This is analogous to the approach that Otting et al. (Otting et al., 2012) 
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Animals
All animals evaluated in this study were members of the NIH-sponsored breeding colony at Alpha Genesis Inc. in Yemassee, SC, USA. that houses a cohort of approximately 350 ICM.
This colony was established in 2002 and supplemented with additional groups of breeders in 2005 and 2010. The effective number of founding individuals was 79 for this breeding population. At least sixteen of these founders were born in Indonesia although the precise location of these births was unknown, and the remaining founders were reported by their distributors to be of Indonesian origin. Demographic information about the 295 individuals that were evaluated by sequencing in this study is provided in Supplemental Figure 1 . Whole blood samples were obtained during routine health checks from this cohort for sequence analyses.
These individuals spanned multiple generations which allowed us to use pedigree data to compare multiple offspring from common sires and dams. All animals were cared for according to the regulations and guidelines of the Institutional Care and Use Committee at Alpha Genesis Inc.
STR haplotype patterns
STR analyses were completed as described previously (Penedo et al., 2005; Larsen et al., 2010) to determine parentage and place individuals within the pedigree. Next, STR allele sizes for a panel of 11 STR loci spanning the extended MHC region were compared between full-and half-siblings versus their parents in order to identify shared STR patterns that define the ancestral MHC haplotypes in this colony. Based on this analysis, each animal was assigned a pair of MHC haplotype codes, e.g. MHC-MAFA-NIAID1-00001 and MHC-MAFA-NIAID1-00002.
Supplemental Figure 2 provides a list of the STR allele patterns that are associated with each of the 100 extended haplotypes that were defined by PacBio sequencing in this study. Figure 3) . These 50 ul reactions included 1 ul cDNA, 0.1 uM primers, and Phusion High-Fidelity master mix. PCRs were run on an Applied Biosystems Thermal Cycler (ThermoFisher Scientific, Waltham, MA, USA) with reaction conditions of: 98°C for 3 min; 23 cycles of 98°C for 5 s, 60°C for 10 s, and 72°C for 20 s; followed by 72°C for 5 min. A similar process was used for MHC class II with a few distinctions (Karl et al., 2014) . First, each of the class II loci required a separate PCR reaction and primers (Supplemental Figure 3) . Additionally, we used 30 PCR cycles instead of 23, but with the same reaction conditions. All PCR products were monitored with FlashGels (Lonza, Basel, Switzerland) to confirm the anticipated length depending on locus. PCR amplicons were then subjected to two rounds of cleanup with the AMPure XP PCR purification kit (Agencourt Bioscience Corporation, Beverly, MA, USA) in a 0.7:1 ratio of beads to PCR sample. Purified amplicons were quantified using Qubit High Sensitivity kits (ThermoFisher Scientific, Waltham, MA, USA).
RNA isolation, cDNA synthesis, and PCR amplification
PacBio library preparation and sequencing
For class I, amplicons were normalized to equal concentrations of 10 ng/ul in pools of 32-48 samples per PacBio library. For class II, we pooled 32-48 samples by loci, and each pool was quantified with Qubit High Sensitivity kits. These individual subpools were then combined into a final pool with 500ng DNA total in the ratio 3 DRB: 1 DQA: Resulting amplicon sequences were mapped against the most recent library as of each sequencing run of known full-length Mafa MHC sequences in the NHP Immuno Polymorphism Database (IPD-MHC) using bbmap (http://sourceforge.net/projects/bbmap/) in semiperfect mode. Full-length LAA sequences that matched with perfect identity were removed from further analysis, as these represented known alleles. The remaining LAA sequences were mapped to a library of known partial Mafa MHC sequences using bbmap in semiperfect mode. Sequences that perfectly matched a partial sequence in the database were marked as putative extensions.
Sequences that differed by one or more single nucleotide variants were marked as putative novel alleles. All of these putative novel and extended sequences were given temporary names and added to the database for the remainder of data processing. Next, reads for each animal were mapped against the database containing putative novels, putative extensions, and known sequences. These PCR products were generated with a Fluidigm Access Array 48.48 (Fluidigm, San Francisco, CA, USA) which allows us to multiplex all reactions in a single experiment as described previously (Karl et al. 2014 . After cleanup and pooling, these amplicons were sequenced on an Illumina MiSeq instrument (Illumina, San Diego, CA, USA). The resulting
DNA isolation, multiplex PCR and Illumina MiSeq analysis
Illumina sequence reads were mapped against a custom reference database of Mafa class I and class II sequences as previously described (Caskey et al., 2019) .
Allele validation and haplotype analysis
Validation of novel and extended sequences was a multi-step process. First, we used Geneious (Biomatters, Auckland, New Zealand) software to visualize and confirm that the sequences had the expected start and stop amino acid sequences and that there were not any significant gaps or insertions such that the length was within the expected range for each locus.
Next, we considered read support for a particular sequence relative to other reads in the same animal and compared across related animals. A potential novel allele that was supported by a minimum of three identical CCS reads in one or more animals was considered valid if there were not alleles of the same lineage with better read support within the same animal(s). These criteria prevent mischaracterization of PCR artifacts and sequencing errors as valid new MHC sequences.
Mafa class I and class II transcripts that are associated with extended MHC haplotypes in this breeding colony were assigned based on their identification in multiple individuals that share a specific MHC-MAFA-NIAID1 STR pattern. In a few cases where PacBio class I and/or class II sequencing results were only available for a single individual representing one of the less frequent MHC haplotypes, transcripts that remained after those associated with a more common, shared haplotype had been identified were inferred to segregate with these rare MHC haplotypes. The Mafa-A, Mafa-B and Mafa-DRB gene clusters are physically linked with a strong tendency to travel together as regional haplotypes . Since each of these gene clusters are separated by approximately 1Mb on chromosome 4 however, an occasional recombination event may occur that breaks the linkage between these haplotype blocks. To provide a concise description of each of these allele combinations, we developed a series of abbreviated Mafa-A, Mafa-B and Mafa-DRB haplotype designations . The specific Mafa transcript sequences that we have defined for each of these regional haplotypes in the Alpha Genesis breeding colony are summarized in Supplemental Figures 4-6. transcripts. In addition, there is considerable copy number variation between haplotypes as well as a wide range of steady-state RNA levels in whole blood for Mafa-A and Mafa-B transcripts from different loci. In order to describe the complex, high-resolution Mafa genotypes associated with each of the extended MHC haplotypes, we developed an abbreviated, regional haplotype nomenclature system for the Mafa-A, Mafa-B and Mafa-DRB gene clusters that is similar to MHC allele nomenclature (Figure 1) . Each of these regional haplotype designations begins with the species name (Mafa) and a "diagnostic" allele lineage for a major transcript that is expressed at high steady-state levels, e.g. A018. Regional haplotypes that differ in their combinations of major transcripts are distinguished by a "." delimiter followed by two digits in ascending order of their identification in various cynomolgus macaque populations. A final "."
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delimiter separates closely related haplotypes that share the same major transcript lineages but differ due to nonsynonymous and/or synonymous allelic variants. For example, the regional Mafa-A018.01.05 haplotype illustrated in Figure 1 includes major Mafa-A1*018:05:02 and minor
Mafa-A2*05:66 transcripts and it represents the fifth combination of allelic variants noted to date. Using this abbreviated haplotype system, the extended MHC haplotypes defined by the MHC-MAFA-NIAID1-000061 STR pattern can be described by the following string:
A018.01.05|B147.04.02|DRBW020.04.02|DQA26_01_01|DQB15_01_02|DPA02_13_02|DPB15
_02.
Genotyping results for a representative group of four progeny from sire CX7K is presented in Figure 2 By iterating this process with PacBio genotyping results from groups of related animals that share STR patterns from common ancestors, we defined the class I and class II transcripts that are associated with 100 extended MHC haplotypes in this breeding colony as summarized in Figure 7 . In a few cases where PacBio read support was low, these results were augmented with lineage-level MiSeq genotyping results with exon 2 genomic DNA amplicons as shown in Supplemental Figure 8 .
As a result of these efforts, we identified 70 distinct combinations of Mafa-A transcripts (Supplemental Figure 4) and 78 distinct combinations of Mafa-B transcripts (Supplemental Figures 4 and 5) .
These extended MHC haplotypes do no not appear to result from simple recombination events in the class I region that arose in recent ancestors of this breeding colony. As illustrated in genes. Interestingly, the major Mafa-A1*004:03 transcript that is included as part of this Mafa-A004.01.02 haplotype was originally identified as the most common Mafa-A1 sequence identified in a cohort of ICM (Kita et al., 2009) . In contrast, the STR patterns flanking the regional Mafa-A010.01.05 haplotypes are essentially completely distinct (Figure 3) , suggesting that these six extended MHC haplotypes are truly ancient configurations. Unlike the extended cynomolgus macaque MHC haplotypes described here, the Indian-origin rhesus macaque population is characterized by a relatively limited number of Mamu-A, Mamu-B and Mamu-DRB regional haplotype blocks that have been shuffled by recombination to generate extended MHC haplotype diversity (Doxiadis et al., 2013; Karl et al., 2013; Wiseman et al., 2013) .
The availability of phased STR patterns for a significant subset of the macaques in this pedigreed breeding colony allowed us to infer MHC genotypes based on haplotype definitions listed in Overall the distribution of extended MHC haplotypes in this breeding colony was relatively uniform for animals whose STR patterns were known ( Table 2) . The extended MHC haplotype defined by the MHC-MAFA-NIAID1-000005 STR pattern was exceptional in this regard since it was observed in 121 individuals, four of whom were homozygous. The abundance of the MHC-MAFA-NIAID1-000005 haplotype reflects the fact that three of six founder males (CM94, CM9P and CX7K) who initiated breeding in this colony between 2002 and 2005 each carried this haplotype. The available pedigree records only show that each of these founder males had different dams but their sires were unknown so they could be paternal half-siblings and at the very least must share a recent common ancestor. Together these three males sired a total of 122 progeny at Alpha Genesis for whom STR results are available and 59 of these offspring inherited the MHC-MAFA-NIAID1-000005 haplotype. In contrast, the next most common extended MHC haplotype, MHC-MAFA-NIAID1-000002, was introduced in this colony by a single founder male (CM51). This haplotype has been observed in 62 individuals ( Table 2) , 25 of whom were sired by CM51. As expected, the remaining pair of founder sires (CH2D and 061973) also each introduced extended MHC haplotypes (MHC-MAFA-NIAID1-000022, MHC-MAFA-NIAID1-000028, MHC-MAFA-NIAID1-000132 and MHC-MAFA-NIAID1-000013) that are also among those most frequently observed in this colony ( Table 2) .
Interestingly, the most common extended MHC haplotypes described above ( replication (Loffredo et al., 2007) . Loffredo and coworkers have performed extensive epitope mapping studies and defined a detailed peptide binding motif for the Mamu-B*008:01 protein (Loffredo et al., 2009 ). Since the predicted protein product of Mafa-B*008:02 only differs from its rhesus counterpart by a single V189M substitution in the alpha 2 domain that is not expected to be involved in peptide binding, it is expected to bind the same spectrum of peptides as those described for Mamu-B*008:01. The predicted Mafa-B*008:03 protein (associated with the MHC-MAFA-NIAID1-000002 haplotype) is also closely related to Mamu-B*008:01 with a conservative substitution (D101N) at a key F pocket residue in the alpha 1 domain. This asparagine variant in the Mafa-B*008:03 protein is identical to the HLA*B27:03 protein that was also shown to bind a very similar array of peptides as Mamu-B*008:01 (Loffredo et al., 2009 ). The Mafa-B*008:03 protein also contains a second, nonconservative Y140S substitution at another key F pocket residue in the alpha 2 domain relative to Mamu-B*008:01; this residue is an aspartic acid in HLA-B*27:03 (Loffredo et al., 2009) . Fortuitously, the second major class I protein (Mafa-A1*007:05) of the most common MHC-MAFA-NIAID1-000005 haplotype also has a rhesus homologue (Mamu-A1*007:01) with a peptide binding motif that has been determined experimentally (Reed et al., 2011) . In this case the Mafa and Mamu protein variants differ at three residues in the alpha 1 and alpha 2 domains, but two of three substitutions are highly conservative. Given the paucity of Mafa class I proteins with known peptide binding motifs, animals that carry the two most common MHC haplotypes in this ICM colony offer a rare resource for studies that could benefit from the ability to monitor CD8 T cell responses. For example, it may be possible to use existing peptide binding motif information to predict epitopes in a virus such as Ebola and then monitor CD8 T cell responses after vaccination and challenge (Sullivan et al., 2011) . Moreover, since Mamu-B*008:01 expression is strongly associated with spontaneous control of simian immunodeficiency virus (Loffredo et al., 2009) , the high frequency of Mafa-B*008:01 in these ICM could argue against their use in studies where SIV control is an important endpoint.
Comparison with MHC haplotypes in other cynomolgus macaque populations
As described above, the extended MHC haplotypes that we have characterized in this ICM breeding colony exhibit exceptional diversity. Only two of the 100 extended haplotypes listed in Table 2 appear to have been described previously. Each of the Mafa class I and class II transcripts that are associated with the MHC-MAFA-NIAID1-000056 haplotype are identical to those found on the M3 MHC haplotype of MCM (Budde et al., 2010; O'Connor et al., 2007) .
Likewise, the MHC-MAFA-NIAID1-000115 haplotype includes class I and class II transcripts that are all identical to the MCM M5 MHC haplotype. Comparison of the STR allele sizes for these two haplotypes with those of MCMs carrying M3 or M5 haplotypes in a separate Alpha Genesis breeding colony revealed identical STR patterns (data not shown). These observations strongly suggest that these are Mauritian-origin MHC haplotypes that were inadvertently introduced to this breeding colony by founders with hybrid ancestry. A review of the pedigree records traced this pair of MCM MHC haplotypes back to two dams (CH2J and CV97) who were included among the original 2002 founders; the sires for both of these breeders are unknown. Similar observations were described for the cynomolgus macaque breeding colony at the BPRC whose founders were reported to have originated in the Indonesian islands and continental Malaysia (Otting et al., 2012) . Three of the 32 extended MHC haplotypes characterized in this colony also included class I and class II transcripts that were identical to those that are associated with the M1, M3 or M4 MHC haplotypes of MCMs (Otting et al., 2012; Budde et al., 2010; O'Connor et al., 2007) .
The MHC-MAFA-NIAID1-000131 haplotype described here (Table 2) haplotype of Filipino cynomolgus macaques was reported to contain yet another combination of Mafa-B allelic variants relative to these other breeding centers (Shiina et al., 2015) . A variety of Mamu-B028 haplotypes have also been reported in various cohorts of Indian-and Chineseorigin rhesus macaques Doxiadis et al., 2013) . In addition, PacBio sequencing analyses identified at least three distinct Mane-B028 haplotypes in several pig-tailed macaque cohorts (Semler et al., 2018) . Taken together, these observations suggest that the primordial combination of B*028 and B*021 genes was likely to have arisen in a common ancestor who predated the divergence of cynomolgus, rhesus and pig-tailed macaques (Smith et al., 2007) .
Concluding remarks
Here, we describe a comprehensive, high-resolution characterization of the Mafa class I and class II transcripts that are associated with 100 extended MHC haplotypes in a large, (Doxiadis et al., 2013) .
Although this dataset is restricted to a single ICM breeding colony, it provides a glimpse of extraordinary MHC diversity that must be present in the wild population of ICM as a whole. It is reasonable to predict that the high level of genetic diversity described here for the MHC region will extend across the rest of the ICM genome. As previously noted, MCM are thought to be derived from a founder population of ICM (Lawler et al., 1995; Tosi and Coke, 2007) which significantly limited the genomic diversity in MCM, especially in the MHC region where only seven ancestral haplotypes are observed. While this restricted genetic diversity is valuable in many areas of research, it can present a challenge for transplant investigators whose goal is to maximize MHC disparity between donor and recipient tissues. The ICM population, in contrast, exhibits considerably more diversity, increasing its value as a model species for biomedical research, such as transplantation studies. This pedigreed cynomolgus macaque cohort also provides a valuable resource for future studies designed to characterize additional immuneimportant genomic regions such as the killer immunoglobulin-like receptors (Bimber and Evans, 2015; Prall et al., 2017; Bruijnesteijn et al., 2018) and Fc gamma receptors (Haj et al., 2019) .
and nonautologous regulatory T cells following infusion in nonhuman primates. Am J Transplant 15(5):1253-1266 sequences also include accession numbers for the longest partial-length sequence previously described. 
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